INTRODUCTION
The characterization of the intermolecular potential energy surfaces (PESs) of pairs of simple molecular systems and their compact representation through suitable analytic functions is an essential requirement for applications of classical, semiclassical, and quantum-mechanical approaches to molecular spectroscopy and dynamics. We report (i) the results of quantum-chemical ab initio calculations on a series of interactions between diatomic molecules, specifically, H2−H2, H2−X2, and H2−HX, where X = F, Cl, Br, (ii) their use to assemble full dimensional intermolecular PESs in the framework of a spherical-harmonics expansion, and (iii) the analysis of the features of the interactions, Alternatively, a dynamical viewpoint describes the interaction as a sum of an isotropically averaged contribution, as typically measurable from scattering of an atom with a hot (i.e., fast rotating) diatom and an anisotropic term. In a description of a diatomic molecule as a rigid rotor, the intermolecular potential V(R, θ), where 0 ≤ θ ≤ π, which admits an expansion in spherical harmonics, in this case simply Legendre polynomials Pμ(cos θ) (the orthonormal expansion set with the required completeness properties for convergence for a function defined 0−π range), can be expressed as
where μ = 0, 2, ... (the odd terms vanish by symmetry). The "minimal" expansion in this case is obtained by truncation, V(R, θ) = V0(R) + V2(R) P2 (cos θ), where P2 (cos θ) = (3 cos2 (θ) − 1)/2. Identifying V∥ = V(R, 0) and V⊥= V(R, π/2 ), one has the relations
or inversely V∥ = V0 + V2 and V⊥=V0 -1/2 V2 Experimentally, the Vμ(R) coefficients may come for a class of generally simple cases from delicate molecular beam experiments and indirectly from the analysis of transport properties sensitive to molecular anisotropies (see, e.g., refs 6 and 7 and references therein).
The second view illustrated above can be recognized as an archetype of the spherical-harmonics expansion, such as that of refs 8−11, where the mathematically rigorous connections between configurations of selected approach angles and the corresponding expansion moments are established.
Historically, a structural view focuses on the V(R, θ) for which appears the minimum leading configuration, more insightful for bound systems (the molecular limit). In contrast, the dynamical view focuses on the isotropic V0 term and is more insightful for weakly bonded systems. A recent example where both views have been compared is for the interactions in the rare-gas−H2O2 systems.12,13
This paper is a continuation of a series in which quantum chemical studies were reported on a variety of combinations of approaching molecules, the spherical-harmonics expansion coefficients correlated to the characterizing leading configurations and the results being interpreted according to progress in our understanding of intermolecular interactions. Here the program is extended to systems containing the simplest diatomic molecule H2 with H2, HF, HCl, and HBr to study the progression to molecules having a halogen as a source of substantial electronegativity.
The coefficients of the expansion terms are usually given in functional forms such as those of 
POTENTIAL ENERGY SURFACES
In this section we briefly outline the approach followed to build up global intermolecular PESs for the H2−HX and H2−X2 systems, with X = H, F, Cl, Br, based on ab initio calculations of potential energy profiles for a series of leading configurations, defined following a spherical-harmonics expansion of the neutral−neutral molecule interaction. The energy profiles are smoothly glued together by the sphericalharmonics expansion. Then, the use of the Pirani potential function is experimented to fit the isotropic part, exploiting the use of insightful parameters of the interaction, and to obtain efficient simplified models in those cases where the anisotropy due to additional terms coming from electrostatic or chargetransfer contributions is limited to a perturbative effect, to be indirectly enclosed in the Pirani function. 
where La, Lb = 0, 1, 2, ... and | La − Lb | ≤ L ≤ La + Lb and the angular functions YLa,Lb L0 are bipolar spherical harmonics
where the functions ΥLa,m and ΥLb,−m are ordinary spherical harmonics the symbol between large parentheses is a 3 -j symbol19 and it holds the inequality −min(La,Lb) ≤ min(La,Lb). The radial coefficients VLa,Lb,L (R) are the "momenta" of the expansion and, in general, incorporate the radial part of different components of the interaction, such as dispersion induction, and electron overlap plus electrostatic contributions. Figure 
where De is the well depth and Req is the equilibrium distance. Although the Lennard-Jones (12−6) model gives a realistic description of the potential around the distance corresponding to the minimum energy of the system, it does not accurately reproduce the interaction both at long and at short distances.
The first important attempt to overcome the limits of the Lennard-Jones potential was proposed by
Maitland and Smith,20 who modified the VLJ potential as follows for each pair of molecules and for each leading configuration, 6 for the H2−X2 systems and 9 for the H2−XH, was carried out using generalized Rydberg functions of fifth degree,37 and the corresponding depths and distances of the wells were obtained. For each pair of interacting molecules, the energy profiles of all related leading configurations were collected and used to generate the spherical-harmonics expansion, as previously illustrated (Section 2.1) The isotropic part of the interaction V000(R) (see eq 1) was generated by averaging over the corresponding leading configurations, which is equivalent to an integration over a discretized angle domains for the θa, θb, and ϕ angular coordinates. Afterward, the ab initio points were also fitted using the Pirani functional of eq 5, where the parameters m, β, Req, De, are 
where μ represents the reduced mass of the system. Note that the Pirani function of eq 5 is best suited for themodeling of the isotropic part of the interaction, that is, the V000 coefficient of eq 1. Nevertheless, in many cases the intermolecular interaction of neutral molecules is characterized by a leading size repulsion plus dispersion attraction contribution perturbed by small additional ones, such as those due to the induction effects associated with permanent dipole or quadrupole moments, charge transfer, or purely electrostatic terms. In such situations, this generally small perturbation can be incorporated into eq 5 by properly adjusting the β or m parameters to take into account their modulation effects on the repulsive wall and the attraction tail.
Under such conditions, the Pirani function of the global intermolecular interaction can be adopted to represent the full interaction, also for specific cuts (in particular, those corresponding to the leading configurations) of the PES.
RESULTS
According to the procedure outlined in Section 2.3, for a set of leading configurations (see Figure 1 The ab initio points have been fitted by using the Pirani function potential by varying the parameters β and m (see eq 5). Figure 2 shows for the systems H2−HX (X = F, Cl, Br) the repulsive configuration L1, while Figure 3 shows the nonmonotonic potential profile of the T3 configuration and the isotropic term of the spherical-harmonics expansion for the same systems. Figure 4 shows for the systems H2−X2 (X = H, F) the nonmonotonic energy profiles of the L and T2 leading configurations and the isotropic term. Figure 5 shows for the systems H2−X2 (X = Cl, Br) the repulsive potential energy profile of the H leading configuration, the nonmonotonic energy profiles of the H and T2 configurations, and the isotropic term.
In nearly all considered cases (except for some repulsive curves), the adequacy of the Pirani fitting function in reproducing the energy profile is excellent and comparable to that of the fifth degree Rydberg functions37 (see Section 2.3). The equilibrium energy and distance increase according to the atomic number of the atoms X (= H, F, Cl, Br) involved (see also Table 1) , and a similar behavior is found for the repulsive wall of the potential that shifts to larger distances for the heavier atoms of the series, as expected due to steric hindrance. The intermolecular range where the potential well extends is indeed mainly ascribed to the dispersion forces that increase with the polarizability of the molecule, which is higher when larger atoms are involved (see Table 2 ). The interaction potential of the L configuration stands out for its highly repulsive contribution.
The dispersion forces play an important role in the stability of the system in the H2−F2 case (see As anticipated in Section 2.3, the Pirani potential can be used as a fitting function, where the physically meaningful parameters, m and β, the equilibrium energy, De, and th equilibrium distance, Req, can be adjusted to reproduce the potential energy profiles corresponding to any given leading configuration. Also, the vibrational frequency, ωe, can be included in the list of parameters to be monitored for which the correlation is evaluated because it can be easily expressed as function of β (see Table 1 ). The calculated potential energy profiles that have been considered for the fitting procedure are of three kinds: the V000 isotropic terms, the nonmonotonic Vmin, and the fully 
